INTRODUCTION
Cyanothece sp. ATCC 51142 is an aerobic unicellular marine cyanobacterium that has a robust diurnal cycle for photosynthesis and nitrogen fixation and is also capable of evolving hydrogen (Coló n-Ló pez & Sherman, 1998; Stöckel et al., 2008; Toepel et al., 2008) . Previous transcriptional network studies on Cyanothece sp. have shown unique periodic changes in its central metabolism throughout the day-night cycle (Stöckel et al., 2008) . The genome of this strain has recently been sequenced and the enzyme (threonine ammonia-lyase, EC 4.3.1.19) catalysing the conversion of threonine to 2-ketobutyrate in the normal isoleucine synthesis pathway is not annotated based on KEGG pathway maps (http://www. genome.jp/kegg/). However, the key intermediate in isoleucine biosynthesis pathways, 2-ketobutyrate, can also be synthesized from citramalate. While most bacteria employ the threonine pathway to form isoleucine, some anaerobic bacteria and archaea, such as Methanococcus jannaschii and Geobacter sulfurreducens, can synthesize isoleucine from citramalate via condensation of acetyl-CoA and pyruvate catalysed by citramalate synthase (CimA) (Howell et al., 1999; Risso et al., 2008; Tang et al., 2009b; Xu et al., 2004) .
In this study, we investigated the actual route for isoleucine synthesis in Cyanothece 51142 via 13 C-based isotopomer analysis. These experiments consisted of feeding the culture a defined 13 C-labelled substrate and measuring the isotopic enrichment in metabolites once the labelled carbon had percolated through the metabolic network. The isotopomer labelling information allowed us to decipher carbon transitions in the isoleucine synthesis pathways (Tang et al., 2009a) . The identification of such enzymes can improve our understanding of carbon metabolism in Cyanothece 51142 as well as in other recently sequenced cyanobacterial strains. Furthermore, because an intermediate in the citramalate pathway is 2-ketobutyrate (the precursor of 1-propanol and 1-butanol: Atsumi & Liao, 2008) , this discovery may have potential applications to CO 2 -based biofuel research by making cyanobacteria a viable vehicle for the autotrophic production of butanol and propanol.
METHODS
Culture conditions. Cyanothece 51142 was grown in 150 ml Erlenmeyer flasks fed with ASP2 medium (Toepel et al., 2008) . The medium composition for 1 litre was as follows: Na 2 EDTA, 0.03 g; K 2 HPO 4 , 0.05 g; KCl, 0.6 g; NaCl, 18 g; NaNO 3 , 1. The strain was initially grown in 20 ml labelled culture medium (with 3 % inoculum volume). At the mid-exponential phase of growth, a 3 % inoculum was added to a 50 ml subculture containing the same labelled medium, which reduced the effect of unlabelled carbon from the initial stock. All cultures were grown aerobically at 30 uC under continuous light (50 mmol photons m 22 s
21
) in 125 ml flasks shaking at 150 r.p.m.
Analytical measurements. During the growth of Cyanothece 51142, cell density was monitored on a UV-Vis spectrophotometer (Genesys, Thermo Scientific) at 730 nm. At each time point, samples were collected and glycerol concentrations were measured using a glycerol enzymic assay kit (R-Biopharm). When the growth of the strain approached the mid-exponential phase, the biomass was harvested by centrifugation (10 000 g, 10 min), and the cell pellet was hydrolysed in 6 M HCl at 100 uC for 24 h. After air-drying overnight, the dried samples (containing free amino acids) were derivatized in tetrahydrofuran and N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (Sigma-Aldrich) at 70 uC for 1 h. Isotopomer measurements were made on a gas chromatograph (Hewlett Packard, model Si (4.70 %) and 30 Si (3.09 %). Published algorithms were used to correct for the effects of those natural isotopes on the mass distributions of amino acids (Wahl et al., 2004) LC-MS/MS (composed of a Shimadzu HPLC system with a LEAP PAL autosampler and a 4000 QTRAP with TurboIonSpray ion source, Applied Biosystems) was used to confirm the production of citramalate by Cyanothece 51142. A 5 ml sample of culture taken during the exponential growth phase was centrifuged for 10 min at 8000 g. The intracellular metabolites were extracted from the cell pellet using 2 ml cold methanol and 2 ml chloroform. Then 1 ml distilled water (0 uC) was added to partition the solution. The hydrophobic layer at the bottom was removed, and extracted metabolites in the aqueous solution were lyophilized and reconstituted in 1 % formic acid. After vortexing and sonication, the samples were centrifuged at room temperature for 4 min at 13 200 g to remove water-insoluble components. The LC gradient was optimized by injecting a citramalate standard that was detected by MS in multiple reaction monitoring (MRM) mode (Heinig & Henion, 1999) . Under the optimized LC-MS/MS conditions, 50 ml of test sample was injected into the LC-MS/MS. Polar acidic components in the sample were resolved by an Onyx Monolith column (300 mm64.6 mm, Phenomenex) in gradient elution mode. Negative electrospray ionization (ESI) mode was used for detecting citramalate in both MRM and MS/MS scan modes. Collision-induced dissociation (CID) spectra of the citramalate parent ion m/z 147 (M2H) 2 and MRM parameters were optimized for sensitive detection.
An identical LC-MS setup was used for measurement of citramalate's labelling pattern with the following modifications: (1) the HPLC system was changed to the Agilent 1200 HPLC system; (2) the injection volume was set to 40 ml. After obtaining citramalate mass patterns, 13 C-labelled citramalate was subjected to MS/MS fragment analysis using the QTRAP 4000 system. If citramalate was labelled, the pseudo-molecular parent ion of citramalate (m/z 147, no loss of carbons) and its fragment ions (m/z 57, 85 and 87) would have a higher mass-to-charge ratio. Such information could be used to determine the isotopic labelling pattern of citramalate.
Enzymic activity assay. The methods of Howell et al. (1999) and Risso et al. (2008) were used. A wet weight of 100-200 mg of cell pellet was suspended in 0.1 M TES buffer, pH 7.5. The cell extract was prepared by sonication (MISONIX) of the cell pellet for 3 min with a 30 s on/20 s off cycle. A 100 ml sample of cell extract was mixed with TES buffer (0.2 M, pH 7.5, 500 ml), pyruvate (10 mM, 100 ml) and acetyl-CoA (50 mM, 20 ml), then topped up with distilled water to a final volume of 1000 ml. Blank samples were prepared as for the test samples but without pyruvate. The resulting test sample and blank sample solutions were then incubated at 30, 45 or 60 uC in an oven for 2 h. At intervals of 20 min, a 100 ml test sample and a blank sample were taken from the incubator and added to a solution containing 50 ml 10 mM DTNB [5,59-dithiobis(2-nitrobenzoic acid)] in 0.1 M Tris/HCl (pH 8.0), 70 ml 1 M Tris/HCl (pH 8.0), and distilled water to a final volume of 0.9 ml. The A 412 values for the test sample and blank sample were recorded. The production of SH-CoA was determined based on a standard curve generated with 2-mercaptoethanol. The enzyme activity was assayed by detecting the production of SH-CoA over 2 h. All the chemicals employed in this assay were from Sigma-Aldrich.
RNA extraction and reverse transcription PCR (RT-PCR).
In order to confirm the expression of cce_0248 (encoding CimA), Cyanothece 51142 was cultured in ASP2 medium with glycerol (7 g l 21 ). In the exponential growth phase (OD 730~0 .6), isoleucine was added to the culture to a final concentration of 10 mM. The control experiment (without addition of isoleucine) was performed in parallel and the both culture samples were collected after 30 min. The RT-PCR protocol was based on a previous report (Johnson et al., 2005) . In brief, total RNA was extracted from the frozen cell pellets using RNAwiz reagent (Ambion) according to the product manual. Contaminant DNA was removed by DNase treatment using an RQ1 RNase-Free DNase kit (Promega) in accordance with the manufacturer's protocol. The extracted RNA was transcribed to cDNA by a SuperScript II Reverse Transcriptase kit (Invitrogen), also according to the manufacturer's protocol. The forward primer TTAGCT-GCAGGAACACGATG and reverse primer TCTCGAACAATG-CGACTGAC were employed to amplify the cce_0248 gene, the forward primer AGAGGATGAGCAGCCACACT and reverse primer TAATTCCGGATAACGCTTGC to amplify the rrn 16Sa gene (i.e. 16S
IP: 54.70.40.11
On: Mon, 31 Dec 2018 06:03:15 rRNA) as a positive control gene, and the forward primer GACC-CCCATTAAAGCGAGAA and reverse primer TTAACCAAGGA-GGCGGATTT to amplify the nifX gene (as a negative control gene) in the cDNA by PCR using the Platinum Pfx DNA Polymerase kit (Invitrogen) . PCRs were conducted with the following cycle conditions: 2 min of activation of the polymerase at 94 uC followed by 30 cycles consisting of 1 min at 94 uC, 30 s at 58 uC and 2 min at 72 uC; finally, a 10 min extension process was performed at 72 uC. The final PCR product was observed directly on agarose gels after electrophoresis.
RESULTS AND DISCUSSION
Cyanothece 51142 exhibited a maximum specific growth rate of~0.9 day 21 in ASP2 medium in the presence of glycerol during the exponential phase (Fig. 1) . The glycerol was quickly utilized for biomass production during the exponential growth phase and most key amino acids were highly labelled (Fig. 2) . For example, .90 % of alanine was labelled with one or more carbons, indicating that a significant amount of labelled glycerol was directed into the central metabolism (glycolysis, TCA and pentose phosphate pathway), which produced the building blocks for amino acids and other metabolites. In comparison, CO 2 (unlabelled carbon) fixation via the Calvin cycle was minimal when glycerol was present in the medium (only 7 % of alanine was unlabelled).
The isotopomer data from [M2159]
+ (loss of the acarboxyl group) showed that the labelling profiles for leucine (M050.01, M150.14, M250.70, M350.13; M0, M1, M2... are fractions of unlabelled, singly labelled and doubly labelled amino acids, respectively) and isoleucine (M050.01, M150.14, M250.71, M350.13) were similar (the standard error for isotopomer analysis is ,0.05). Furthermore, the isotopomer data from [M215] + (containing unfragmented amino acids) also showed identical labelling for leucine (M050.01, M150.03, M250.21, M350.69) and isoleucine (M050.01, M150.03, M250.24, M350.67). These data suggest that leucine and isoleucine are synthesized from the same precursors (i.e. pyruvate and acetyl-CoA), and thus that isoleucine synthesis in Cyanothece 51142 takes place via an alternative pathway to the threonine-pyruvate pathway employed by most organisms. Further supporting this conclusion, isoleucine could not be labelled with three carbons ([M215] + : M350.67) if threonine and pyruvate were its precursors: threonine was mostly labelled with one carbon ([M257] + , M150.64) and alanine (pyruvate as its precursor) was also mostly labelled with one carbon (alanine [M257] + , M150.84) (Fig. 2) .
The citramalate pathway via citramalate synthase is an alternative to the common threonine pathway for the synthesis of isoleucine. Citramalate synthase (CimA), which catalyses the synthesis of the isoleucine precursor 2-ketobutyrate, has been discovered in other organisms via isotopomer analysis, enzyme chemistry or cloning methods (Table 1) . Two types of genes encoding CimA have been identified and both genes are homologous to homocitrate synthase. CimA was previously reported in an archaeal species (Methanococcus jannaschii, gene MJ1392) (Howell et al., 1999) and recently a new CimA gene homologue (Geobacter sulfurreducens, gene GSU1798) has been discovered (Risso et al., 2008) ; further CimA identifications are listed in Table 1 . According to the genome sequence of Cyanothece 51142 (from the Joint Genome Institute: http:// www.jgi.doe.gov), the gene for threonine-ammonia lyase (EC 4.3.1.19) catalysing the conversion of threonine to 2-ketobutyrate is missing. We also confirmed the absence of this gene from the Cyanothece 51142 genome by BLAST analysis (Table 2 ). In contrast, BLAST search results indicate the presence of a complete citramalate pathway for isoleucine synthesis and the gene for CimA is identified as cce_0248, which has 53 % identity to the reported citramalate synthase gene (GSU1798) in G. sulfurreducens.
To confirm citramalate synthase activity in Cyanothece 51142, the specific activities of this enzyme were measured. The enzyme activities in crude cell extracts at elevated temperatures (30, 45 and 60 u C) were 8.54±2.24, 5.69±1.79 and 2.79±0.07 nmol min 21 (mg dry biomass) 21 , respectively. In comparison, the citramalate synthase from the thermophilic M. jannaschii shows higher thermostability (Howell et al., 1999) . However, this enzyme assay does not conclusively prove the presence of citramalate synthase (Risso et al., 2008) and therefore high-sensitivity and selectivity LC-MS/MS was used to detect intracellular citramalate concentrations in Cyanothece 51142. Initially, the LC-MS/MS conditions were optimized using the signal of an authentic citramalate standard. MRM-based methods then confidently identified citramalate from cell extracts in our unlabelled cultures (Fig. 3) . We spiked the cell extracts with an authentic citramalate standard and the spiked standard co-eluted with endogenous citramalate as a single peak. C]glycerol as the carbon source) was also investigated. The spectra of the parent ion (M2H)
2 had a mass-to- charge ratio of 149 (from the 13 C-labelled sample) instead of 147 (from the unlabelled sample), which indicates that citramalate was mostly labelled with two carbons in this experiment. The two labelled carbons in citramalate were derived from pyruvate and acetyl-CoA (Fig. 2) . The carbon labelling positions in citramalate were determined by analysing the fragments of the parent ion (see Supplementary Fig. S1 , available with the online version of this paper). It was concluded that citramalate was labelled predominantly at the C-2 and C-4 positions, based on MRM experiments and MS/MS fragmentation of 13 Clabelled citramalate (parent ion m/z 149) (Fig. 2) .
Finally, expression of cce_0248, the key gene in Cyanothece 51142 that encodes the putative citramalate synthase, was confirmed by RT-PCR. The RT-PCR products from the amplification of cce_0248 and the 16S rRNA gene (as a positive control) were distinct and as expected, although the expression of cce_0248 was lower than that of the16S rRNA gene (Supplementary Fig. S2 ). The nifX gene (a gene involved in the fixation of atmospheric nitrogen) was not expressed under either of the culture conditions (with or without isoleucine), because the ASP2 medium contained nitrate as the nitrogen source. So the nifX gene was treated as a negative control gene. RT-PCR products also showed that the presence of isoleucine (10 mM) in the medium reduced the expression of cce_0248 relative to the control experiments. This result could be explained by a previous report that citramalate synthase was subject to feedback inhibition by 5 mM isoleucine (Xu et al., 2004) .
Our findings led us to search for further homologues of CimA of G. sulfurreducens in other species and we found that homologues are present in a wide diversity of cyanobacteria. BLAST searches for citramalate synthase (GSU1798) and threonine ammonia-lyase (b3772) were conducted in Synechocystis sp. PCC 6803, seven strains of Cyanothece sp. and 16 strains of Synechococcus sp., based on amino acid sequence similarity. The BLAST results (Table 2) indicate that at least six strains of Cyanothece sp. and five strains of Synechococcus sp. have high probabilities of employing the citramalate pathway to synthesize isoleucine rather than the normal isoleucine pathway via threonine ammonia-lyase (CimA identity .50 %). Synechococcus JA-3-3 Ab and PCC 7002, and Synechocystis PCC 6803, may be capable of employing two different pathways for isoleucine synthesis. Twelve strains of Prochlorococcus sp. have also been examined (data not shown), and all of them appeared not to have the genes encoding the identical CimA based on the KEGG pathway map (http://www.genome.jp/kegg/); these strains may only have the normal isoleucine pathway via threonine ammonia-lyase. The predictions in Table 2 require further experimental verification. For comparison, the two other genes closest to GSU1798 in sequence identity within the cyanobacteria have relatively low sequence identities (20-30 %; data not shown) to GSU1798; these genes encode 2-isopropylmalate synthase (which participates in the biosynthesis of L-leucine) and homocitrate synthase.
Conclusions
Our isotopomer information, enzyme activity measurement, metabolite analysis and gene expression data unambiguously indicate that the citramalate pathway is utilized for isoleucine synthesis in Cyanothece 51142. Furthermore, genome sequences suggest that quite a few other cyanobacterial strains may also employ the citramalate pathway for isoleucine synthesis. To our knowledge, citramalate pathways have previously been identified only in some anaerobic bacteria and archaea. The discovery of this alternative isoleucine pathway in cyanobacteria may help us understand their unique metabolic regulation related to photosynthesis and nitrogen fixation. Moreover, the citramalate pathway may be utilized to synthesize 2-ketobutyrate, a precursor of both butanol and propanol. As such, the discovery of citramalate synthase in cyanobacteria may provide a new biofuel synthesis route utilizing autotrophic micro-organisms.
